Introduction
Much work has been performed on the structure of the (lx2) (11) and High-Energy Ion Scattering (12) . Atom diffraction done on Pt (110) could not easily distinguish between the missing-row and the sawtooth models, but could rule out many other models (13, 15) . Total-energy calculations did strongly favor the missing-row model over the sawtooth model for Ir(llO) (16) , Pt(llO) (16) and Au(llO) (16, 17) . A recent re-analysis of the Au(110)-(lx2) LEED data, allowing deeper relaxations than before (namely, a three-layer relaxation) has also convincingly favored the missing-row model (18) .
The theory-experiment agreement in the previous LEED study (~. ~) for Ir(110)-(lx2) was far superior to the case of the earlier analyses of 2 . . Pt(110) (i, ~) and Au(110) (~, Z), and comparable to the recent LEED study of Au(110) (18) . Also, good theory-experiment agreement was obtained in LEED (19) for Ir(110)-c(2x2)0. Therefore, the Ir(110) surface presents a very favorable case for investigating the reconstruction by LEED. Since our previous work (~, 1) did not consider the sawtooth model or large relaxations or multi-layer relaxations within the missing-row model, we here extend the LEED study for Ir(110) to these structures. Large expansions are suggested by results on Au (110) obtained by several non-LEED techniques (,g, 11, 12) . At the same time,
we have now considered a few alternate models inspired by the sawtooth model: the "hollow-on-facet" and "ridge" models, defined in Section 3.
Just like the sawtooth model, these two new models require only small atomic motions to switch between an ideal (lx1) structure and the (lx2) reconstruction.
Experimental Procedure
The experimental procedure was described in detail elsewhere (~, 1); only a brief description will be given here. The experiments were performed in a UHV chamber which had a base pressure of approximately Twenty LEED intensity-voltage (I-V) spectra consisting of ten halforder beams and ten integral-order beams were collected with a rota- Ir crystal. The agreement between these two independent sets of data is excellent. The beams are indexed so that the longer side of the real-space unit cell is the y-direction in an (x,y) surface coordinate system.
Analysis
A convergent perturbative scheme known as the Layer-Doubling method (20) , supplemented by a Reverse-Scattering-Perturbation formalism (20) when small interlayer spacings occurred, was used for the theoretical calculations. The scattering potential used for the Ir atoms is due to
Arbman and Hornfelt (21) . It has been used successfully in our previous analyses (~, ~, 19, 22) . Symmetry properties of the beams at normal incidence were exploited in the calculations. Six phase shifts were used (tests showed that this was sufficient within the error bars quoted here on structural parameters). The re~l part of the inner potential (Vo) was assumed to be l1eV, and this quantity was allowed to vary by a rigid shift of the energy scale for the comparison between theoretical and experimental I-V spectra. A homogeneous imaginary part of the muffin-tin constant of SeV was used. The bulk Debye temperature used in the calculation was 280 K, and an enhancement factor of 1.4 was chosen for the surface mean-square vibrational amplitudes.
In the missing-row model shown in Figure 1 , we varied the two topmost layer spacings and the lateral position·of the second-layer atoms (while maintaining two mirror planes perpendicular to the surface). In addition, we also included in this model paired rows in the second layer and buckled rows in the third layer. These geometrical parameters are illustrated in Figure 2 and the values chosen for them are 4 shown in Table 1 Table 1 .
Results
The agreement between experiment and theory is quantified by five Rfactors and their average, which include the Zanazzi-Jona R-factor and 5 the Pendry R-factor. These are the R-factors ROS, R1, R2, RRZJ and RPE which were already applied in a number of LEED analyses (23) .
The best five-R-factor average for each model is listed Table 2 by LEED (18) and Pt(110)-(lx2) by energy-minimization calculations (24) . Table 3 shows a comparison of the best geometrical parameters 6 . .
obtained for these surfaces. The results for these three surfaces are very similar except that the Au(110)-(lx2) surface has a larger firstlayer contraction and a smaller second-layer contraction. Table 4 shows a comparison of the bond lengths between atoms in the top three layers for the Ir, Pt and the Au(llO) surfaces. For both the Ir and Pt (110) surfaces, five out of seven bonds show a contraction, while on the Au(llO) surface, only four show a contraction. But, on the whole, the results for Ir, Pt and Au are remarkably close. This is especially encouraging for a system in which many structural parameters are allowed to vary independently. We suggest that a LEED analysis of Pt(110)-(lx2) be done to confirm for that case also the missing-row model (with a three-layer relaxation).
Multi-layer relaxation now appears to occur frequently at relatively open metal surfaces (25), including fcc(llO), bcc(lOO), bcc(2ll),
bcc(3l0), bcc(2l0) and hcp(lOlO). Since multilayer relaxation has resolved several problematic structures, it may help resolve others.
In particular, the W(100)-c(2x2) rearrangement (26) seems a good candidate for deeper-layer relaxations: The current best models involve unrealistically small bond lengths between the two topmost atomic layers, which could be accommodated by second-(and deeper-) layer relaxations that respect the observed prong symmetry.
Finally, a comment on the issue of the relatively easy (lx2) to (Ixl) structural transition for these fcc(llO) surfaces in the presence of certain adsorbates, which would appear to require excessively high metal diffusion rates (1). We believe that there is no contradiction, if one accepts the explanation proposed by Campuzano et al. (27) for the analogous problem of the temperature-induced Au(110)- (lx2) to (lx1) phase transition. This would be an order-disorder transition requiring relatively little mass transport and causing a modest increase in diffuse intensity.
Conclusions
Based on the results of a LEED analysis, the missing-row model with paired rows in the second layer and buckled rows in the third layer is the best among all the models we have tested (the missing-row model, .. 23
